Sugar Will Eventually be Exported Transporters (SWEETs) are recently identified sugar transporters that can discriminate and transport dior monosaccharides across a membrane following the concentration gradient. SWEETs play key roles in plant biological processes, such as pollen nutrition, nectar secretion, seed filling, and phloem loading. SWEET13 from Arabidopsis thaliana (AtSWEET13) is an important sucrose transporter in pollen development. Here, we report the 2.8-Å resolution crystal structure of AtSWEET13 in the inward-facing conformation with a substrate analog, 2′-deoxycytidine 5′-monophosphate, bound in the central cavity. In addition, based on the results of an incell transport activity assay and single-molecule Förster resonance energy transfer analysis, we suggest a mechanism for substrate selectivity based on the size of the substrate-binding pocket. Furthermore, AtSWEET13 appears to form a higher order structure presumably related to its function.
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SWEETs | sugar transporter | uniporter | smFRET S ugars are the principal carbon and energy sources for both prokaryotes and eukaryotes (1, 2) . Sugar uptake and efflux play important roles in metabolism, development, growth, and homeostasis (3) (4) (5) (6) (7) . Currently, sugar transporters are mainly classified into three superfamilies: the major facilitator superfamily (MFS), such as glucose transporters (GLUTs) (8, 9) ; the sodium solute symporter family (SSF), such as sodium-glucose cotransporters (SGLTs) (10) ; and Sugar Will Eventually be Exported Transporter (SWEET) proteins (2, 3, 11, 12) . SWEETs are a newly identified family of sugar transporters that play key roles in plant biological processes, such as pollen nutrition (13) , nectar secretion (5), seed filling (14) , phloem loading for long-distance sucrose translocation (4) , and modulating gibberellin response (15) . In Arabidopsis thaliana, there are 17 SWEET homologs, AtSWEET1-17 (3). They can discriminate mono-and disaccharides and transport them bidirectionally across a membrane along the substrate concentration gradient (3, 7) . SWEET proteins contain seven transmembrane helixes (TMs 1-7). The N-terminal three helix bundle (THB) (i.e., TMs 1-3) shares sequence similarity with the C-terminal THB (i.e., TMs 5-7), and the two parts are arranged in a parallel manner. The N-and C-terminal helix bundles fuse together via the linker helix TM4, the amino acid sequence of which is nonconserved among SWEETs (3). The prokaryotic homolog, the so-called Semi-SWEET, contains only one THB (2) . Crystal structure analyses revealed that SemiSWEET forms a functional, parallel homodimer with the transport path located between the two protomers (16) (17) (18) , implying that one molecule of a SWEET protein is sufficient to create a transport path. However, AtSWEET1 exhibits a negativedominance phenomenon, suggesting that oligomer formation is necessary for its function (2) . Consistent with this, the first crystal structure of a eukaryotic SWEET, OsSWEET2b (from Oryza sativa), was shown to be a homotrimer (11) . The structure of a SWEET protomer is similar to the dimer of SemiSWEET, indicating that each SWEET protomer independently generates a functional transport path. Thus, the oligomerization-dependent function of SWEET proteins likely occurs via an allosteric coupling mechanism (11) . Recently, different conformations of SemiSWEET from Leptospira biflexa were captured in crystal structures, and in particular a substrate glucose molecule was found to bind in the outward-facing conformation (19) . Thus, the complete translocation process of this SemiSWEET protein was described by crystallography aided by molecular dynamics simulation, providing a fairly clear picture of alternating access transport (19) . However, the mechanisms of substrate recognition and selectivity of SWEET proteins as well as the details of their oligomerization-dependent cooperativity remain elusive.
Here, we report the in meso crystal structure of AtSWEET13 in the inward-facing conformation with a substrate analog, 2′-deoxycytidine 5′-monophosphate (dCMP), bound in the central cavity.
Together with an in-cell transport activity assay and single-molecule Förster resonance energy transfer (smFRET) analysis, our crystallography study reveals the structural bases of the mechanisms of substrate selectivity and a dimer transport model in AtSWEET13.
Results
Structure of AtSWEET13 in the Inward-Facing State. A. thaliana SWEET13 belongs to clade III of the AtSWEET family (20) and is involved in transport of both sucrose and glucose across the plasma membrane during pollen development (13) . The full-length AtSWEET13 consists of 294 amino acid residues. Recombinant proteins of a variety of mutational variants as well as the wild-type (WT) AtSWEET13 were screened using a thermostability assay (21) to identify stabilizing mutations as well as potential ligands. Using this technique, a construct of the transmembrane domain of AtSWEET13 (i.e., residues 1-222) with thermostable mutations
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(V23L, S54N, V145M, and S176N) was selected for the subsequent structure study. A recombinant protein of this AtSWEET13 variant fused with a C-terminal rubredoxin (termed AtSWEET13-C 222 -4M-Rub; see SI Appendix, Table S1 ), which showed transport activity toward glucose but not sucrose (see below), was crystalized in the presence of two chemicals, dCMP and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG), both of which improved the homogeneity and thermostability of the protein sample (SI Appendix, Fig. S1 A and B) . The crystal structure was solved using the molecular replacement method and refined at 2.8-Å resolution (SI Appendix, Table S2 ). There was only one AtSWEET13 molecule per asymmetric unit, and no dimerization existed in the crystal packing (SI Appendix, Fig. S2 ). Similar to the previous crystal structure of OsSWEET2b (11) , the transmembrane domain of AtSWEET13 folds into N-and C-terminal domains, and the two domains are linked by the nonconserved helix TM4, which enables the parallel topology between the two domains with the twofold rotation axis perpendicular to the membrane plane ( Fig. 1 A and B) . Each of the two domains contains a THB with a characteristic 1-3-2 (and 5-7-6) helix arrangement similar to SemiSWEETs (16) (17) (18) . A putative transport path is formed between the two domains, with a large solvent-accessible cavity facing the cytosolic side, indicating that the structure of AtSWEET13 was crystallized in the inwardfacing conformation similarly to OsSWEET2b. Upon superimposition of AtSWEET13 and OsSWEET2b, the root mean square deviation was 1.4 Å (for 181 Cα atoms), confirming they have similar conformations (SI Appendix, Fig. S3 ). The largest difference was observed in TM4, which showed a small shift.
After assignment of the polypeptide chain of AtSWEET13 and initial refinement, a clear electron-dense region was observed inside the central cavity (Fig. 1D) , which fitted well with the ligand dCMP added to the crystallization mixture. Thus, our crystal structure of AtSWEET13 represents the ligand-bound inward-facing state (Fig. 1C) .
AtSWEET13 Bound to the Substrate Analog dCMP. The ligand dCMP binds inside the central cavity and is located in the middle of the transmembrane region, presumably permitting alternating access to either side of the membrane during conformation changes of AtSWEET13. Both the N-and C-terminal domains are involved in dCMP binding. Eight polar residues, namely Ser20 from TM1 (Ser20 TM1 ), Asn54* TM2 (the asterisk indicates mutation), Trp58 TM2 , Asn76 TM3 , Ser142 TM5 , Asn176* TM6 , Trp180 TM6 , and Asn196 TM7 , and two hydrophobic residues, Leu23* TM1 and Met145* TM5 , together form the ligand-binding pocket ( Fig.  2A) . These 10 residues appear to form three layers along the axis of the putative transport path. Among them, Trp58 TM2 , Asn76 TM3 , Trp180
TM6
, and Asn196 TM7 are directly involved in ligand binding in the current structure and are conserved in the corresponding sites of SemiSWEETs (16) (17) (18) (19) . The two hydrophobic residues, Leu23* TM1 and Met145* TM5 , are located at the bottom of the inward-facing cavity but do not contact the ligand. In addition, the polar residues Ser20 TM1 and Asn196 TM7 form two hydrogen bonds with dCMP ( Fig. 2 A and C), and these interactions seem to put dCMP closer to the TM1-6-7 side of the cavity. Replacing half of these residues individually with an alanine residue in the WT background had only minor effects on the in-cell transport activity toward the native substrate, sucrose. However, W58A and V145A point mutations significantly reduced the transport activity toward sucrose, and N76A, S176A, and W180A abolished the activity, implying these positions directly interact with the substrate sucrose ( Fig. 2B and SI Appendix, Fig. S4 ). Consistent with the location of dCMP in the crystal structure, the activity loss from alanine mutations of Asn76 TM3 , Ser176 TM6 , and Trp180 TM6 suggests that the substrate sucrose binds to the TM3-1-6 side of the cavity. It is probable that the steric hindrance of the phosphate group of dCMP with residues Leu23 TM1 and Phe24 TM1 (which possess conformations distinct from that of OsSWEET2b) pushes the ligand molecule away from TM3 and closer to TM7 (Fig. 2C ).
Substrate Selectivity of AtSWEET13. The AtSWEET family of sugar transporters transport either mono-or disaccharides (3, 4) , and the WT AtSWEET13 possesses both types of activities ( Fig. 3 C and D). Based on structural analysis of the binding pocket and an alignment of homologous amino acid sequences, a group of four residues was identified that were conserved among subgroups with either mono-or disaccharide specificity (SI Appendix, Fig. S5 ). In particular, Val23 TM1 , Ser54 TM2 , Val145 TM5 , and Ser176 TM6 (numbered as in the native AtSWEET13) were found in disaccharide transporters, whereas these residues become Leu, Asn, Met, and Asn, respectively, in most monosaccharidespecific transporters (Fig. 3 A and B) as well as in our crystallized variant. To confirm their functional roles in substrate selectivity, these four residues in AtSWEET13 were replaced with the corresponding residues from monosaccharide transporters, either individually or in combination. The single point mutation V145M and double mutations V23L/V145M and S54N/S176N dramatically reduced the sucrose transport activity, but increased the glucose transport activity to some extent ( Fig. 3 C and D) . Furthermore, the quadruple mutant V23L/S54N/V145M/S176N showed no sucrose transport activity, but kept efficient glucose transport activity (Fig. 3 C and D) . Together, the results from the mutational analyses indicated that these four residues are responsible for substrate selectivity.
Extracellular and Intracellular Gates of AtSWEET13. Transporters have two major conformations during a transport cycle (22) , namely, the inward-facing and outward-facing states, which are stabilized by extracellular and cytosolic gates, respectively. Breaking the balance between extracellular and cytosolic gating can reduce the transport activity (23) . Sequence comparison of AtSWEET1-17 reveals 22 highly conserved residues (SI Appendix, Fig. S5 ). These residues mainly map to two clusters (I and II) in the 3D structure of AtSWEET13 with additional residues involved in substrate binding as well as some glycine and proline residues (SI Appendix, Fig. S6 ). The distribution of these conserved residues suggests a blueprint for SWEET transporters. In particular, cluster I, including residues Tyr61 TM2 , Tyr183 TM6 , and Asp189 L6-7 (in loop 6-7), is located in the extracellular side of AtSWEET13, and forms the extracellular gate together with the nonconserved residues Lys65 L2-3 and Val192 TM7 (Fig. 4A ). The carboxyl side chain of Asp189 L6-7 forms two hydrogen bonds with Tyr61
TM2 and Lys65 L2-3 , stabilizing the inward-facing state. Transport activity assays with mutated variants showed that the single point mutations Y61A, D189A, and V192A significantly reduced the activity, indicating that interaction between the extracellular ends of TM2 and TM7 (or between loop 2-3 and loop 6-7) plays a critical role in extracellular gating (Fig. 4B) . Similarly, cluster II comprises several conserved residues (e.g., Tyr48
TM2 and Leu169 TM6 ) in the intracellular side that did not interact with each other in our inward-facing crystal structure. Tellingly, L169A mutation abolished the transport activity, and Y48A reduced the activity significantly (Fig. 4 C and D) , implying they have roles in intracellular gating in the outwardfacing state.
Characterization of AtSWEET13 Dimer Function with smFRET. AtSWEET proteins are proposed to function as oligomers (2), yet AtSWEET13 appeared as a monomer in the crystal packing. To determine the oligomerization state(s) of detergent-solubilized AtSWEET13 in solution, we performed a size-exclusion chromatography coupled with multiangle light scattering (SEC-MALS) analysis and a single-molecule subunit counting analysis (24) . The SEC-MALS experiment showed that dimers were the dominant species (SI Appendix, Fig. S7A ). The results from the subunit counting assay were as follows: 58% monomer, 31% dimer, and 11% trimer or larger (SI Appendix, Table S3 ). Additionally, the cytosolic C-terminal region of AtSWEET13 (i.e., residues 220-294) formed a dimer in SDS/PAGE (SI Appendix, Fig. S7C ). Furthermore, similar to the AtSWEET1 homolog (2), AtSWEET13 showed a negative-dominance phenomenon in an in-cell sugartransport assay (SI Appendix, Fig. S7B ). Taking these results together, we hypothesize that AtSWEET13 forms a functional dimer in the membrane.
To study the coupling mechanism between the two protomers in the putative AtSWEET13 dimer, smFRET studies on single cysteine AtSWEET13 variants were used to detect dynamic conformational changes within the dimer. First, all four cysteine residues in the native AtSWEET13 were mutated to residues in other AtSWEETs suggested by the sequence alignment, including C35I, C80A, C121T, and C138A (termed AtSWEET13-C 222 -4M-Bril-I. See SI Appendix, Table S1 ). Then, selected single positions in this Cys-free AtSWEET13 variant were individually mutated to cysteine for labeling with fluorophores. Following confirmation of both efficient and specific fluorophore labeling (SI Appendix, Table S4 ) and verification with in-cell transport activity assays, three active mutations on the cytosolic side were chosen for the smFRET investigation, namely, G42C L1-2 , E163C L5-6 , and P219C TM7 (SI Appendix, Fig. S8 ). All the smFRET experiments were performed in the presence of detergents, i.e., 0.2% (wt/vol) n-decyl-β-D-maltoside (DM) and 0.04% (wt/vol) cholesteryl hemisuccinate tris salt (CHS).
In the absence of ligands (apo state), all three cytosolic sites exhibited two distinct FRET states: 0.45 vs. 0.75 for G42C L1-2 , 0.35 vs. 0.7 for E163C L5-6 , and 0.25 vs. 0.9 for P219C TM7 (Fig. 5 ). G42C L1-2 and E163C L5-6 appeared to share similar FRET distributions, implying equivalency of the two corresponding loops in the dimer organization. In contrast, the FRET distribution of P219C TM7 suggests that the corresponding Cys pair may assume two largely different distances. It is interesting to notice that the equivalent position in SemiSWEET also undergoes large conformational change between the inward-and outward-facing conformations (18, 19) .
Furthermore, the influence of dCMP and DPPG on the FRET was investigated. In the presence of dCMP (5 mM), the FRET distribution of P219C TM7 changed to one low-FRET state at 0.3 ( Fig. 5) , indicating a long distance between the cysteine pairs at the two P219C sites. In contrast, the G42C L1-2 and E163C L5-6 sites both showed a relatively high-FRET distribution (Fig. 5) , indicating shorter distances between the corresponding cysteine pairs relative to the apo state. Moreover, in the presence of DPPG (2.7 mM) the FRET distribution of the tested two Cys pairs tended to contract to a single peak (Fig. 5) , albeit their shifts appeared to be different from those observed in the presence of dCMP alone. In addition, in the presence of DPPG, the low-FRET state of E163C L5-6 became less populated with increasing dCMP concentration up to 3 mM (SI Appendix, Fig. S9 ). Once the concentration of dCMP increased beyond 4 mM, however, the protein sample aggregated severely (SI Appendix, Fig. S10 ).
Discussion
SWEETs, a recently identified family of sugar transporters, have their own characteristics distinct from other sugar transporters. First, SWEET proteins can distinguish and transport monosaccharides and disaccharides (3) (4) (5) (6) (Fig. 3) . Second, the observation of a negative-dominance phenomenon suggests that oligomerization plays an important role in their transport activity (2, 11) (SI Appendix, Fig. S7 ). Based on the 2.8-Å crystal structure with a dCMP ligand molecule bound inside the substrate-binding cavity, we used the in-cell transport assay and smFRET technique to dissect the substrate recognition and transport mechanisms.
The dCMP molecule shares a similar structure with sucrose, i.e., one six-membered ring covalently linked to one five-membered ring (SI Appendix, Fig. S1E ), as well as with gibberellin, a recently identified substrate of AtSWEET13 (15) . In addition, three loss-offunction mutations (namely, N76A, S176A, and W180A) identified in the binding pocket coincided with residues that coordinated dCMP binding (Fig. 2) . Together, these observations suggest that the substrate sucrose assumes a similar binding mode to dCMP.
A transport activity assay and sequence alignment analysis of the residues inside the binding pocket drew our attention to four residues that are most likely involved in substrate selectivity. These residues are Val23 , and Ser176 TM6 in AtSWEET13 but are Leu, Asn, Met, and Asn in the corresponding sites of monosaccharide transporters. The side chains of these residues in disaccharide transporters are shorter (by at least one carbon atom) than those in monosaccharide transporters. Thus, we postulate a mechanism for substrate selectivity based on the size of the cavity in the transition state (17) (SI Appendix, Fig. S12A ). The larger cavity of a disaccharide transporter may accommodate both di-and monosaccharides. However, because of their smaller size, monosaccharides may not fulfill all potential interactions with the key residues in the cavity, and this lack of full interaction would result in reduced substrate affinity and limited transport efficiency. In contrast, the small cavity of a monosaccharide transporter may hold a monosaccharide but not a disaccharide, as exemplified by AtSWEET1, whose transport activity toward glucose is at least 50 times higher than that toward sucrose (3).
In our smFRET experiments, the FRET state of P219C changed to one low-FRET state at 0.3 (Fig. 5) in the presence of 5 mM dCMP, indicating a long distance between the cysteine pair in response to dCMP binding. However, binding of the substrate analog dCMP seemed to shorten the distance between cysteine pairs in both loop 2-3 (labeled at G42C) and loop 5-6 (E163C) in the AtSWEET13 homodimer, resulting in high-FRET states (SI Appendix, Fig. S11 ). These loops are likely to be involved in cytosolic gating. However, in the presence of dCMP, the crystal structure of AtSWEET13 was captured in the inward-facing conformation. This discrepancy may be explained by the crystal packing, in which the fused rubredoxin protein from a neighboring molecule appeared to prohibit the closing of the cytosolic gate (SI Appendix, Fig. S2 ). Taken together, the smFRET data suggest that different parts (e.g., loops 2-3 and 5-6 vs. TM7) of the cytosolic side of AtSWEET13 move independently, instead of forming rigid bodies, in response to substrate binding.
Lipid binding at the interfaces of an oligomer is often observed to stabilize intersubunit interactions and to regulate activities in membrane proteins (25, 26) , as exemplified in AqpZ, MscL, LeuT, AtmB, and SemiSWEETs, the prokaryotic homologs of SWEETs. The results from the thermostability assay of AtSWEET13 suggest that DPPG binds to an oligomer of AtSWEET13 (SI Appendix, Fig. S1 ). Furthermore, the effects of dCMP and DPPG in stabilizing AtSWEET13 appear to be additive (SI Appendix, Fig. S1 ), suggesting that their binding sites are distinct. In addition, the single dominant FRET state in the presence of DPPG (Fig. 5 and SI Appendix, Fig. S9 ) suggests the possibility that the binding site of DPPG is at the interface between protomers and that bound DPPG molecules orchestrate the cooperative transport of the protomers. Therefore, we postulate a revolving-door mechanism for transport by the AtSWEET13 dimer (SI Appendix, Fig. S12C ), in which a substrate-carrying conformational transition in one protomer is coupled to the substrate-free opposite transition in the other protomer. Such a mechanism may also be applicable to other coupled uniporter dimers and explain the high efficiency of their transport.
Materials and Methods
Protein Expression and Purification. The cDNA of A. thaliana AtSWEET13 was cloned into a modified pFastBac1 vector with a C-terminal His 10 -tag as well as a preceding tobacco etch virus (TEV) protease cleavage site. To obtain diffracting crystals, the degradation-sensitive C-terminal residues after residue 222 were replaced with a rubredoxin (27) or cytochrome b 562 recombinant inbred line (RIL) (27) , and four thermostable point mutations (V23L, S54N, V145M, and S176N) were introduced (termed AtSWEET13-C 222 -4M-Rub or AtSWEET13-C 222 -4M-Bril, respectively). The recombinant proteins were expressed using the Bac-to-Bac baculovirus expression system (Invitrogen). For purification, Sf-9 or High-5 insect cells were lysed using a Dounce homogenizer in a buffer containing 20 mM Hepes (pH 7.0), 150 mM NaCl, and a protease inhibitor mixture on ice. After centrifugation, the collected membrane pellets were homogenized and then solubilized with 0.5% (wt/vol) DDM (n-dodecyl-β-D-maltoside, Anatrace) and 0.1% (wt/vol) CHS (Anatrace) at 4°C for 1 h. The insoluble fraction was removed by ultracentrifugation at 100,000 × g for 40 min. The supernatant was incubated with Co-NTA resin (Qiagen) at 4°C for 1 h. The resin then was washed with buffer containing 30 mM imidazole, 0.05% (wt/vol) DDM, and 0.01% (wt/vol) CHS. The target protein was cut off from the tag by incubating with TEV protease at 4°C overnight. After concentration, the protein was further purified by gel filtration (Superdex 200 10/300 GL, GE Healthcare) preequilibrated with buffer containing 20 mM Hepes (pH 7.0), 150 mM NaCl, 0.025% (wt/vol) DDM, and 0.005% (wt/vol) CHS. Peak fractions were collected and concentrated to 40 mg/mL for crystallization trials. Before crystallization, dCMP (Sangon Biotech) and the lipid DPPG (Avanti) were added into the protein solution. For smFRET experiments, the protein sample (AtSWEET13-C 222 -4M-Bril-I) was purified in the presence of 0.2% (wt/vol) DM and 0.04% (wt/vol) CHS.
Crystallization. The recombinant protein was crystallized with the lipid cubic phase (LCP) method (28) . The protein was reconstituted in the LCP of the lipid mixture [monoolein:cholesterol:DPPG at 10:1:1 (wt/wt/wt)] at a protein to lipid ratio of 2:3 (wt/wt) using the two-syringe mixing method. For crystallization, 40 nL of the meso phase was dispensed into 96-well glass sandwich plates (FAstal BioTech) and overlaid with 800 nL crystallization buffer, using a Gryphon robot arm (ARI) at room temperature (∼20-22°C). Initial plate-like twinned crystals appeared within 2 d with a typical size of 40 × 40 × 10 μm in the presence of 100 mM MES (pH 6.0) and 30% (wt/vol) PEG600. Various strategies were used to optimize the crystals. The crystals used for data collection were grown under 100 mM MES (pH 5.9), 38% (wt/vol) PEG600, and 100 mM KH 2 PO 4 .
Structure Determination. Diffraction datasets for structure determination were collected at Shanghai Synchrotron Radiation Facility beamline BL18U. The datasets were then processed by the program HKL2000 (29) . The phase was solved by molecular replacement using the program PHASER (30) (31) . The model was further improved by cycles of manual fitting using the program COOT (32) and refined with Phenix.refine (33) .
Sugar Uptake Assay in HEK Cells. Sugar uptake assays were performed as described previously using a FRET sucrose sensor or a FRET glucose sensor (34) . Briefly, HEK293T cells were cotransfected with a plasmid carrying the sucrose sensor FLIPsuc90μΔ1 or FLIPglu600μΔ13 and a plasmid carrying the AtSWEET13 gene (WT or mutants of AtSWEET13-C 222 -Bril, SI Appendix, Table S4 ) using transfection reagent Lipofectamine 2000 (Invitrogen) in 2-mL plates. For FRET imaging, the culture medium in each plate was replaced with 0.5 mL Hanks balanced saline salt (HBSS) buffer without glucose, and then 0.5 mL HBSS buffer containing 20 mM sucrose or 20 mM glucose was added. A laser scanning confocal fluorescence microscope (Olympus FV-1000S) was used to collect the image data. Under the excitation at 405 nm, two datasets at wavelengths of 470 nm and 535 nm were collected (10 s per frame, total 60 frames). Substrate was added after the twentieth slice. The data were processed with ImageJ and Orange software.
Single-Molecule FRET Imaging Experiment. First, we mutated all four cysteine residues in WT AtSWEET13 to other amino acids and named this Cys-free mutant (i.e., AtSWEET13-C 222 -4M-Bril-I in SI Appendix, Table S4 ). Then, we selected appropriate sites and mutated them to cysteine in the Cys-free construct. All of the mutants were constructed in the pFastBac1 vector and expressed in the Sf-9 expression system. The purified protein samples were labeled with cy3-and cy5-maleimide (GE Healthcare) in buffer containing 20 mM Hepes (pH 7.0), 150 mM NaCl, 0.2% (wt/vol) DM, and 0.04% (wt/vol) CHS. Ten-fold molar excesses of both cy3 and cy5 dyes were used, and the protein samples were labeled at 4°C for 30 min. The reaction was quenched by adding a 100-fold molar excess of L-cysteine (Sigma). Free cy3 and cy5 dyes were removed using Zeba Spin desalting columns (Thermo Scientific). The protein samples for single-molecule subunit counting were performed with cy3-maleimide only. All of these experiments were performed in the dark. We carried out our smFRET imaging experiments as previously described (35) . Imaging quartz slides were coated with a mixture of PEG and biotin-PEG. His 10 -tagged protein samples were specifically immobilized to the slides with biotin-NTA-Ni
2+
. All of the experiments were performed in buffer (with or without 5 mM dCMP and 2 mg/mL DPPG) with an oxygen scavenging system (5 mM β-mercaptoethanol, 1 mM cyclo-octatetraene, 1 mM 3,4-dihydroxybenzoic acid, and protocatechuate 3,4-deoxygenase). Images were taken at 50 ms per frame. Data analysis was performed using custom software written in Matlab as previously described (36, 37) .
PDB Accession Number. The coordinates of the crystal structure of AtSWEET13 were deposited into PDB. The accession code is 5XPD.
